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ABSTRACT

The co-oxidation of a mixture of phenylsulfinylacetic acid (PSAA) and oxalic acid (OxH,) by Cr(VI) in 20% aceto-
nitrile-80% water (v/v) medium follows third order kinetics, first order, each with respect to PSAA, OxH, and Cr(VI).
The reaction involves nucleophilic attack of sulfur atom of PSAA on chromium of the oxidizing species, Cr(VI)-OxH,
to form a ternary complex, Cr(VI)-OxH,-PSAA followed by a one-step three-electron reduction of Cr(VI) to Cr(III)
and simultaneous oxidation of both the substrates. The reaction is catalysed by Mn”" ion while retarded by AI** ion.
Electron releasing substituents in the meta- and para-positions of the phenyl ring of PSAA enhance the rate of
co-oxidation while electron withdrawing substituents retards the reaction. The Hammett plots at different temperatures
exhibit excellent correlation with negative p values. The reaction series obey isokinetic relationship and the observed

isokinetic temperature is lying below the experimental range of temperature.

Keywords: Phenylsulfinylacetic Acid; Oxalic Acid; Co-Oxidation; Nucleophilic Attack of Sulfur; Three-Electron
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1. Introduction

Oxalic acid acts as an efficient catalyst and enhances the
rate of Cr(VI) oxidation of many inorganic [1-3] and
organic compounds [4-10]. The oxalic acid catalysed
processes involve the formation of Cr(IV)/Cr(V) inter-
mediate species depending on the substrate, nature of
Cr(VI) oxidizing reagent and experimental conditions.
However, in the Cr(VI) co-oxidation of alcohol and ox-
alic acid, Rocek and co-workers [11] observed a direct
reduction of Cr(VI) to Cr(Ill) without the formation of
these intermediate species of chromium. In co-oxidation,
oxalic acid undergoes oxidation in a stoichiometric ratio
yielding CO, along with the other reductants with tre-
mendous rate acceleration. Such type of rate enhance-
ment with oxalic acid by Cr(VI) is observed with diverse
substrates like formic acid [12], aromatic anils [13], ani-
lides [14], cycloalkanones [15] and cinnamic acids [16].
Since the co-oxidation process offers the possibility of
several synthetic applications, Cr(VI) co-oxidation stud-
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ies are of striking significance. Srinivasan et al. [17] re-
ported the co-oxidation of phenylmethyl sulfoxides and
oxalic acid with Cr(VI) and designed the mechanism for
the reaction which also highlights the substituent effect.
Das et al. [18] monitored the micellar effect on the co-
oxidation of dimethyl sulfoxide and oxalic acid by Cr(VI)
considering it as a probe for three-electron transfer in a
single step. In the case of co-oxidation of S-phenylmer-
captoacetic acid and oxalic acid with pyridinium chloro-
chromate [19], two different mechanisms, based on sub-
strate concentration, have been suggested. The signifi-
cant utility of phenylsulfinylacetic acid (PSAA) in vari-
ous synthetic routes [20-26] prompted the present invest-
tigation. Detailed literature scanning also reveals that
there is no systematic kinetic report on PSAA and so, the
present study of Cr(VI) co-oxidation of PSAA with ox-
alic acid (OxH;) is undertaken and its salient features
along with the substituent effects are discussed .

2. Experimental

The substrate, phenylsulfinylacetic acid and several meta-
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and para-substituted PSAAs were synthesized from the
corresponding phenylmercaptoacetic acids by controlled
oxidation with H,O, [27], recrystallised from suitable
solvents and their melting points were checked with the
literature values [28]. The purity was further verified by
LCMS. Potassium dichromate (BDH), sodium perchlo-
rate (BDH), perchloric acid (Merck), oxalic acid (Merck),
aluminium nitrate (Merck) and all other reagents were of
AnalaR grade and they were used as such for the prepa-
ration of solutions of desired concentration for the kinetic
study using double distilled water. Literature procedures
were adopted for the purification of solvents, acetonitrile
and water.

2.1. Kinetic Measurements

The kinetic study was performed under pseudo-first order
conditions by maintaining [PSAA] , [Otz] >> [Cr(VI)] ,
in 20% acetonitrile-80% water mixture (v/v) and the
progress of the reaction was observed by monitoring the
decay of Cr(VI) at 351 nm at different time intervals with
an ELICO Double Beam UV-vis Bio-spectrophotometer
with an inbuilt thermostat. Figure 1 shows the spectral
changes recorded during the reaction.

The pseudo-first order rate constant (k) for each ki-
netic run was evaluated from the slope of the linear plot
of log OD vs time by the method of least squares. The se-
cond order rate constant (k,) was calculated from the re-
lation: k, =k, /[PSAA]. The precision of the k values is
given in terms of 95% confidence limits of Students’ t test.

2.2. Product Analysis

To characterize the products of the reaction, the reaction
mixture containing excess of Cr(VI) over PSAA and
OxH, was kept for 48 hours for completion of the reac-
tion and then extracted with ether. The ether extract was
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Figure 1. UV-visible spectra at different time intervals for
the reaction of Cr(VI) with PSAA and OxH, in 20% ace-
tonitrile-80% H,O (v/v) [PSAA] = 3.0 x 1072 mol-dm>;
[OxH,] = 1.0 x 10 2 mol-dm>; [Cr(VD)] = 3.0 x 10™* mol-dm™>;
[H']=7.5 % 10" mol-dm.
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collected, dried over anhydrous sodium sulfate and the
solvent was removed by evaporation. The residue ob-
tained from the ether extract was dried and subjected to
GC-MS (Figure 2) and LC-MS (Supplementary Material:
Figure F1) analysis. The parent peak at m/z=156 in
GC-MS and the peak eluted in LC-MS at a retention time
of 1.87 min ionizes in APCI (+) mode with an area of
86% corresponding to the mass 157 indicate that methyl-
phenyl sulfone is the sole product formed. The presence
of strong IR bands (Supplementary Material: Figure F2)
at 1148 cm ™' and 1290 cm ™' characteristic of symmetric
and asymmetric stretching respectively of >SO, group
further supports the formation of the product, methyl-
phenyl sulfone.

The final fate of chromium (VI) can be predicted from
the UV-visible spectroscopy by scanning the aqueous
extract of the product mixture and comparing the spectral
changes observed with that of authentic sample of Cr(III).
The two UV-vis peaks of Cr(IIl) at 421 nm and 592 nm
(Figure 3(a)) which were assigned to its octahedral tran-
sitions, ‘A, (F)—>*T,,(F) and ‘A, (F)—'T, (F)
[29,30] were found to shift to lower wavelength regions,
414 nm and 562 nm for the product mixture (Figure
3(b)). This observation clearly indicates the existence of
chromium as Cr(III) in the form of complex species pro-
bably with oxalic acid as observed by other researchers
[31,32] and not exist as free ion.

3. Results and Discussion

The order of the reaction with respect to Cr(VI) is unity
under pseudo-first order conditions of

[PSAA],[OxH, ] >>[ Cr(VI)]

which is clear from the linear plots of logOD vs time even
upto 75% completion of reaction and constant pseudo-
first order rate constant values. However, it is observed
that in the lower regions of [Cr(VI)], the pseudo-first
order rate constant increases with decrease in [Cr(VI)]
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Figure 2. GC-MS spectrogram of the product.
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Figure 3. UV-vis spectra of the product mixture.

(Table 1). Such type of decrease in rate with increase in
[Cr(VD)] has been observed by several researchers [33-
36]. However, the rate constants remain constant at
higher concentration range of Cr(VI). The decrease in
rate with increase in Cr(VI) in lower concentration re-
gion may be due to the dimerization of Cr(VI) followed
by decrease in concentration of active species [33-35] or
due to the existence of some sort of weak association be-
tween monomeric Cr(VI) species [36].

The reaction is first order each in PSAA and oxalic
acid, which are evidenced from the constant values ob-
tained by dividing &, by [PSAA] or [OxH;] and also from
the unit slope of their respective log-log plots of k; vs
[PSAA] and [OxH,]. The co-oxidation rate increases
linearly with increase in [H'] (Supplementary material:
Table T1) and shows a first order dependence with re-
spect to [H']. This shows the protonation of Cr(VI) spe-
cies in the experimental conditions which enhances the
electrophilic activity of the oxidant. Solvent variation of
the medium from 10% to 80% acetonitrile shows an ac-
celerating effect with decrease in dielectric constant of
the medium (Supplementary material: Table T1).

The effect of Mn®>" on rate (Supplementary material:
Table T2) indicates that the rate of co-oxidation in-
creases linearly with increase in [Mn®"] which is contrary
to the retardation effect of Mn*" on Cr(VI) oxidation due
to the removal of Cr(IV) intermediate by Mn*". The ob-
served acceleration effect not only excludes the involve-
ment of Cr(IV) intermediate in this reaction but also in-
dicates that Mn®" acts as a catalyst. Such type of Mn*"
catalysis during co-oxidation process is witnessed by
several authors [14,15,17]. Suppression of rate by the
addition of aluminium nitrate (Supplementary material:
Table3 T2) may be visualized due to the removal of OxH,
by AI’".

3.1. Substituent Effect

The effect of substituents on the rate of co-oxidation is
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examined with several meta- and para-substituted PSAAs
at three different temperatures viz., 15°C, 20°C and 30°C.
The second order rate constants and the activation pa-
rameters calculated from the Eyring’s plot are enumer-
ated in Table 2. To have a better insight into the contri-
bution of substituent effect on the rate and mechanism,
the rate constants were correlated with Hammett o con-
stants and found that an excellent correlation is obtained
with negative p values (Supplementary material: Figure
F3).

An analysis of the data in respect of linear free energy
relationships reveals that the reaction series obeys isoki-
netic relationship as per the equation,

AH” = AH, + AS

where, f is the isokinetic temperature, at which all the
substituents in a given series have the same reactivity.
Though the Petersen’s [37] error criteria (AAH™ >> 25 ;
J is the maximum possible error in AH?) is satisfied, the
plot of AH” vs AS” gives only a bad correlation (r =
0.861). However, Exner’s plot [38] of logk, at 35°C
against logk, at 20°C correlate excellently (r = 0.998) and
the slope of the plot (b) affords the isokinetic temperature,

p.
B=TT, (b_l)/(sz _Tl)‘

The isokinetic temperature computed from the above
equation, 169.5 K is below the experimental temperature
showing that the reaction is of entropy controlled. The
linearity of Hammett plot and Exner’s plot, evidence the
involvement of same mechanism in all substituted
PSAAs.

3.2. Mechanism

The existence of active Cr(VI) species in the reaction
mixture depends mostly on the concentration of H" and
Cr(VI). In aqueous acidic solution, the various possible
forms of Cr(VI) species are H,CrO,, HCrO; and
HCrO; [39,40]. The species, HCrO, exists only at
very low concentration of H" [41] and hence under the
maintained experimental conditions of H" the participa-
tion of HCrO, is excluded. At higher concentrations of
H', the existence of Cr(VI) in the form HCrO] has
been proved by several researchers [35,42,43] and on this
basis its participation in the present co-oxidation process
is envisaged. The positive slope obtained from the linear
plot of logk; vs 1/D along with first order dependence on
[H"] supplement the involvement of a positively charged
Cr(VI) species in the rate determining step.

The kinetic results revealed that the co-oxidation of
phenylsulfinylacetic acid and oxalic acid by Cr(VI) fol-
lows the rate law,

—~d[Cr(VI)]/dt = k[PSAA][OxH, ][ H" ][ Cr(VI)]
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Table 1. Rate constants for the co-oxidation of PSAA and OxH, by Cr(VI).

10% [PSAA] (mol-dm™) 10* &y (s7) 10*[Cr(VD)] (mol-dm ™) 0% &y (s7) 10’[OxH,] (mol-dm™) °10* &y (s71)
0 0.65 +0.07 0.5 327+ 1.51 0 1.46 + 0.04
0.8 2.76 + 0.08 1.0 18.5+0.37 1.0 3.22+0.13
2.0 7.11+0.23 2.0 15.8+0.88 2.0 5.36+0.26
3.0 10.4 +0.37 3.0 10.4 +0.37 3.0 7.52+0.21
5.0 15.1+0.34 4.0 11.8+0.31 5.0 12.6+0.24
9.0 27.2+0.86 5.0 10.6 +0.54 7.0 18.8 +0.50
10 352+0.98 6.0 113+0.24 8.0 21.1+0.64
20 60.6 + 1.62 9.0 233+1.20
10 25.1+0.70

20 573+ 1.50

28 80.1 + 3.00

[Cr(VD)] =3.0 x 10~ mol-dm™; [OxH,] = 1.0 x 10> mol-dm>; [H'] = 0.75 mol-dm >; I = 0.8 mol-dm™>; solvent = 20% CH3;CN-80% H,O (v/v); [PSAA] = 3.0

x 1072 mol-dm™>; °[PSAA] = 1.0 x 10> mol-dm .

Table 2. Second-order rate constants, enthalpy and entropy of activations for the co-oxidation of X-C¢H,SOCH,COOH and

OxH, by Cr(V).
10% k, (mol -dm’s™")
X AH” (kJ-mol ™) —-AS* (JK "mol ™)
20°C 30°C 35°C
m-Br 0.98 +0.03 1.63 £ 0.06 1.96 £ 0.07 33.5+3.4 169 + 12
m-Cl 1.14 £ 0.03 1.97 £0.02 229 +0.05 33.6+1.9 167+ 6.8
m-F 1.24 +0.03 2.11+0.03 2.59+0.14 352+3.1 16111
p-Cl 1.57 +0.09 2.61+0.07 3.17+0.03 34.1+3.1 163+ 11
p-Br 1.36 +0.03 2.39+0.01 2.85+0.09 362+18 157+ 6.3
p-F 2.05+0.07 3.23+0.03 3.99+0.18 31.7+29 169 £ 10
H 2.47+0.09 4.33+0.08 5.05+0.21 342+3.7 159+ 13
m-CH;, 2.69 +0.09 436+0.04 539+0.21 333+27 161+9.5
p-CH; 3.77+0.16 5.72+0.10 6.91+0.15 28.6+2.7 175+9.5
p-OC,H; 4.03+0.16 6.29 +0.20 7.53+0.16 29.8+3.1 170 £ 11
p-OCH; 4.40+0.29 6.58 +0.13 8.36+0.21 30.0+£3.7 168 + 13
p —0.94 = 0.03 —0.87 £ 0.03 —0.88 + 0.03
r 0.995 0.992 0.994

[X-CeHySOCH,COOH] = 3.0 x 1072 mol-dm™>; [OxH,] = 0.01 mol-dm>; [Cr(VD)] = 3.0 x 10~* mol-dm™; [H'] = 0.75 mol-dm; I = 0.75 mol-dm™>; solvent =

40% CH3CN-60% H>O ( v/v).

It has been reported that in the well-documented Cr(VI)
oxidation of several substrates in the presence of oxalic
acid, the cyclic form of an intermediate formed between
Cr(VI) and oxalic acid is assumed to be the oxidizing
species. Such complex formation between the oxidant
and oxalic acid is indispensable for co-oxidation to occur
[17]. In the present case too, addition of oxalic acid to

Copyright © 2013 SciRes.

Cr(VI) leads to a substantial hyperchromic shift at 263
nm and 351 nm in the UV-vis spectra of Cr(VI) (Figure
4(b)) which indicates the involvement of Cr(VI) in com-
plex formation. Based on the above facts, it has been
proposed that HCrO; forms a cyclic complex (C,
Scheme 1) with oxalic acid in the first step of the mecha-
nism. The rate acceleration is almost cancelled by the
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addition of AP’* ion which is a direct evidence for the
difficulty in the formation of Cr(VI)-OxH, species as
AP’ removes OxH,. Further, broadening of the peak at
263 nm which merges with the peak at 351 nm (Figure
4(d)) is perceived during the addition of AI*" ionto the
reaction mixture.

In order to comprehend the subsequent steps in the
mechanism of co-oxidation and the binding nature of
PSAA with the oxidizing species, the UV-vis spectrum
was recorded for the reaction mixture. The change in the
shape as well as broadening of the peak at 263 nm in the
presence of PSAA (Figure 4(c)) clearly reveals the for-
mation of a new species probably termolecular interme-
diate complex, C,. The formation of this intermediate,
(Cr(VI)-OxH,-PSAA) as a result of nucleophilic attack
of sulfur of PSAA on chromium atom of the Cr(VI)-
OxH, complex is the rate determining step. The impor-
tance of this intermediate, C, during co-oxidation is
known from the significant rate acceleration observed
when both PSAA and OxH, co-exists than their individ-
ual rate constants with Cr(VI) under the same experi-
mental conditions. The high negative entropy of activa-
tion for this co-oxidation system (—158.88 + 12.8
JK'mol™") when compared to that of the reaction with-
out oxalic acid (—24.49 + 0.09 JK "mol™") suggests that
there exists a highly ordered transition state in the rate

determining step.

As a result of electron transfer from sulfur of PSAA to
chromium, a positive charge is developed on the sulfur
center of the complex C,. The negative p value observed
in the substituent effect study also confirms the existence

3.5+ 4 a=Cr(VI)

. b=Cr(VI)-OxH,
4 c=Cr(VI)-OxH,+PSAA
{d=Cr(VI)-OxH,+PSAA+AI’]

Absorbance

0.5+

0.0 |

-0.5 I . I . I . 1 . I .
200 250 300 350 400 450

Wavelength (nm)

Figure 4. UV-vis spectra of (a) Cr(VI) alone (b) Cr(VI) and
OxH,; (¢) Cr(VI), OxH, and PSAA and (d) Cr(VI), OxH,,
PSAA and AP [Cr(VI)] = 3.0 x 10~ mol-dm; [PSAA] =
3.0 x 10 > mol-dm>; [OxH,] =1.0 x 107 mol-dm; [HCIO,]
= 7.5 x 107" mol-dm>; solvent = 20% CH;CN-80% H,O
(V/v).

N
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*Cr T [ _— “Cr. I +  H,0
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Scheme 1. Co-oxidation of PSAA and oxalic acid by Cr(VI).
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of sulfonium ion intermediate in the rate determining
step. The presence of electron releasing groups in the
PSAA increase the electron density on sulfur atom of
PSAA which makes PSAA a more efficient nucleophile
for binding with the positively charged oxidizing species,
Cr(VI)-OxH,. Besides, electron releasing substituents
stabilize the intermediate, C, while electron withdrawing
substituents in PSAA destabilize it. The rapid oxidation
of PSAA-oxalic acid mixture by Cr(VI) supports that the
reduction of Cr(VI) through a termolecular complex must
be much more favourable and hence faster than their in-
dividual oxidation reactions.

The intermediate, C, then undergoes several fast steps
including ligand coupling and decarboxylation from
PSAA moiety leading to the formation of the products.
During this process, Cr(VI) is directly reduced to Cr(III)
by a one-step three-electron transfer which involves a
two electron transfer from PSAA and a one electron
transfer from oxalic acid. The direct evidence for the
one-step three electron transfer, i.e., reduction of Cr(VI)
to Cr(IIl) arises from the existence of isobestic point at
Amax 540 nm (Figure 1) in the overlay of the reaction
mixture.

The involvement of OxH, as co-reductant and not as a
catalyst in the reaction can be arrived from the amount of
CO, liberated from the reaction. The number of moles of
CO; liberated in the reactions with and without oxalic
acid is determined quantitatively by the method de-
scribed by Crossno et al. [44]. In the present reaction it
has been observed that the amount of CO, liberated is
more than one mole and this shows that CO,is lilgerated
from oxalic acid too besides PSAA. The CO, thus
formed may then undergo further rapid oxidation with
Cr(VI) producing CO, and Cr(V). Then, Cr(V) reacts
with another molecule of PSAA forming products.

4. Conclusion

The co-oxidation of phenylsulfinylacetic acid and oxalic
acid by Cr(VI) follows three electron transfer mechanisms.
The reduction of Cr(VI) to Cr(Ill) in a concerted step is
assumed to be effective by the active oxidising species,
Cr(VI)-OxH, via a termolecular complex, Cr(VI)-OxH,-
PSAA. The product analysis is also in support of the pro-
posed mechanism.
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Table T1. Effect of solvent composition, [H'] and ionic strength on rate constant at 30°C.

CH;CN-H,0 (%, v/v) 10* k" (s7Y) 10' [H'] (mol-dm>) 10*k° (s I (mol-dm™) 10* & (s ™)
10-90 9.43 +0.22 2.5 3.42+0.10 0.8 10.4+0.37
20— 80 10.4 +0.37 5.0 6.70+0.15 1.0 10.3+0.21
30-70 11.9+0.25 7.5 10.6 = 0.30 12 10.4 +0.34
40 - 60 13.0+0.35 10.0 13.3+0.20 1.4 10.7+0.25
50— 50 16.5+0.23 12.5 16.7£0.32 1.55 10.1+0.26
60 — 40 20.2 + 0.46 15.0 19.9 + 0.44 1.8 11.2+0.30
7030 27.6 +0.89 20.0 325+ 1.61
80 - 20 40.8+1.30

[Cr(VD)] =3.0 x 10~ mol-dm™; [PSAA] =3.0 X102 mol-dm>; *[H'] =0.75 mol-dm>; [OxH,] = 1.0 x 10~ mol-dm>; *I = 0.8 mol-dm>; *I = 1.1 mol-dm™>;
b<solvent = 20% CH;CN-80% H,0 (V/v).

Table T2. Effect of Mn** ion and AI** ion on reaction rate.

10° [Mn**] (mol-dm ™) 0%k (s 10' [AI*] (mol-dm™®) °10* &y (571
0 10.3+0.21 0 104 +0.37
1.0 11.9+0.36 0.05 9.43+0.21
2.0 13.9 +0.45 0.1 8.58+0.33
5.0 19.4+0.59 0.2 5.73+0.25
7.0 27.6 +0.89 0.3 3.24+0.15
9.0 41.0+1.50
10 449 +1.10

[Cr(VI)] = 3.0 x 10~* mol-dm; [PSAA] = 3.0 x 1072 mol-dm>; [OxH,] =1.0 x 107> mol-dm™; [H"] = 7.5 x 10~ mol-dm>; solvent = 20% CH;CN-80% H,O
(v/v); “T= 1.0 mol-dm™>; °I = 2.55 mol-dm™.
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